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chain reaction–denaturing gradient gel electrophoresis (PCR–DGGE), play the dominant role in the thermophilic
biologicalprocessesofmetabolism,ammoxidation,nitrification,denitrificationandcarbonoxidation.Theseresultsshow


















In the last few decades, emission control of odorous
pollutants from sewage sludge treatment, landfill, composting
plants, industrialoragriculturaloriginhasbecomea crucial issue
owing to their adverse effects to humans, animals, and the
environment (Xue et al., 2013).Malodors not only are a direct
threat for human health and welfare but also represent a
significant contribution to photochemical smog formation and
secondary particle formation (Estrada et al., 2011).Wastewater
treatment results in production of large quantities of sewage
sludge. China produced about 22million tons sewage sludge in
2010,annualgrowthrateisgreaterthan10%(Wangetal.,2012a).
Thermaldryingwasusedmainly inEuropeanUnion–15 countries
and especially in Germany, Italy, France and UK (Kelessidis and
Stasinakis, 2012). Thermal drying of sludgemakes it possible to
stabilizethesludge, reduce itsvolumeandhygienizetheproduct.
However, it will produce odorous compounds, such as
trimethylamine (TMA), dimethyl sulfide (DMS), ammonia (NH3),
sulfur dioxide (SO2), hydrogen sulfide (H2S) and carbonyl sulfide
(COS), volatile fatty acids (VFAs), volatile compounds (VCs),
polychlorinated dibenzodioxins/furans (PCDD/Fs) during different
sludgedryingprocesses(Dengetal.,2009;Shengetal.,2012).Hot
odorousgasemittingsewagesludgedryingcauseanodornuisance
problem, ranging from annoyance to documented health effects
(Wangetal.,2012a).Thetraditionalbiologicaltechnologieswould
cool down thehotwaste gas, such as liquid spraying,which are
expensiveandproducewastewaterthatwouldrequiretreatment.
The use of thermophilicmicroorganisms active at temperatures
over40°Cwouldoffergreatsavingsandextendtheapplicabilityof
biofiltersandbiotricklingfilters.Thermophilicbiotricklingfilterwas
used for alpha–Pinene bioͲdegradation at 45°C, or at
temperatures up to 60°C with optimal treatment occurring at
55°Cat ratesup to60gm–3h–1 (Montesetal.,2010).Methanol
removal rate achieved 100gm–3h–1 at temperaturesup to 70°C
(Kong et al., 2001). The high–temperature biotrickling filter
exhibited a higher degree of ethanolmineralization to CO2, and
hosted a process culture composed of both mesophilic and
thermotolerantorthermophilicmicroorganisms(Coxetal.,2001).
The thermophilic bioreactor showed a lower dimethyl sulfide
elimination capacity, temperature changes to 21 and 59°C
decreased the removal efficiency at 52°C by 90 and 30%,
respectively;liquid–phasesulfateconcentrationsexceeding2.2gLо1,
decreased the removal rate by 50% at 52°C (Luvsanjamba et al.,
2008).Thethermophilicbiofiltercouldeffectivelydegrademethyl
tertbutylether (MTBE)ataconstantbed temperatureof52±3°C
(Moussavi et al., 2009). Removal of isobutyraldehyde and 2–
pentanone was investigated in biotrickling filters at higher
temperature(52–65°C)(Luvsanjambaetal.,2007).Thebiotrickling
filter inoculatedwith C. daeguensis TAD1 for nitrogenmonoxide
(NO)removalwasaccomplished inanoxygenstreamof8%under
aerobic condition at 50°C (Liang et al., 2012). A thermophilic
biofilterachievedhighperformancetoremovegaseoustolueneat
55°C,andpresentedalowerpressuredropthanthatofmesophilic
biofilter (Wang et al., 2012b). The biotrickling filter was the





et al., 2007). A mechanistic model based on energy and mass
balanceswasdeveloped topredict theperformanceofa trickling
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biofilter as a function of temperature and the temperature
variation along the height of the tricking biofilter (Fazaelipoor,
2010).

A variety of TMA degradation bacteria for trimethylamine
removal under aerobic conditions has been intensively studied.
Most of themweremesophilic bacteria such as A. aminovorans
(RappertandMuller,2005),Aminobacteraminovorans(Loboetal.,
1997), Paracoccus sp. T231 (Kim et al., 2001), Pseudomonas
aminovorans (Gamatietal.,1991),B350microorganisms (Wanet
al.,2011),Arthrobactersp. (Hoetal.,2008a),Paracoccussp.CP2
(Ho et al., 2008b), Pseudomonas putida A (ATCC 12633)
(Liffourrena and Lucchesi, 2014), Paracoccus denitrificans
(Ralebitso–Senior et al., 2012), P. faecalis (Gutarowska et al.,
2014). Ammonia–oxidizing bacteria (AOB) (Ding et al., 2008),
nitrifying bacteria, Paracoccus denitrificans’ presence in the
biofilter could play an important role in oxidizing ammonia and
reducing nitrite by heterotrophic nitrification and anaerobic
denitrification (Ho et al., 2008a). There are limited number of





microbial communitydevelopedathigh temperatures.The study
evaluates the factors such as inlet concentration, empty bed
residencetime(EBRT), inlet loadingrate,pHandspraydensityon
theperformanceofthethermophilicbiotricklingfiltration,analyses
microbial community by polymerase chain reaction–denaturing








The thermophilic biotrickling filter (TBTF) was packed with
ceramsite to a height of 450 mm, which was set up to study
treatment stimulated odorous containing trimethylamine. The
TBTF was made of transparent rigid plexiglass with an inner
diameterof90mmandaheightof1000mm. Itwasdivided into
three stageswith the filtermedium, TMA–biodegrading bacteria
adheredtothesurfaceofceramsitetoformthebiofilm.TheTMA
supplied from the gas cylinders, was first diluted with the
compressedair,passedthroughanairmixturebottle,thenflowed
upwards thebottomof the thermophilicbiotrickling filter.Asno
sourceofhigh temperaturegaswasavailable,high temperatures
were achieved by heating the recycle liquid through a coiled
copper tubing submerged ina thermostatedwaterbathat56°C.
The simulated TMA–containing waste gas was supplied to the
TBTF,ataflowrateof100to600Lh–1(EBRT,17.2to103s).Inthe
process of the biodegradation of TMA experiments, nutrient–
containing aqueous solutionswas sprayed downward at awater
fluxof0.12a2.07m3m–2h–1withaperistalticpump from the top





Bacterial community compositions in the thermophilic
biotricklingfiltrationofTMAwereassessedbyPCR–DGGE,andby
identifyingthecoloniesofthepredominantmicroorganismsbythe








measured by a Model pHB–3 pH Tester (Sanxin Instrument
Company, Shanghai, China). The products of thermophilic TMA–
biodegradation were identified by analyzing them with a Gas
chromatography/mass spectrometry (GC–MS) (Voyager Finnigan







Figure2 shows the performance of the thermophilic bioͲ




the fall in TMA removal efficiency before 4 d could be that
recycling liquidwas losing its absorption capacity.Obviously, the
absorptionofTBTFprocessyield tobiofiltrationafter the4thday.


























The TBTF was left idle for 30 days at normal temperature
without gas but supply of water, after which the system was
restarted under the same conditions pertaining prior to the






they start vigorous biodegradation (He et al., 2007). TMA
biodegradationefficiencieswere99.1–100%for65–daylong–term
operating time. The thermophilic biotrickling filter had a good
adaptation to fluctuating concentrations in waste gas from
industrialproduction.TMA removalefficiencies in thebiotrickling
filter(BTF)atambienttemperaturewere99–100%.TheREat56°C
in theTBTFwasclose to that in theBTFatambient temperature
30–37°C.BiomassaccumulationintheTBTFwasmorethanthatin
theBTF.Thepressuredropattainedvalues6timeshigher inTBTF







biological air filtration that have emerged as a cost–effective
technology dealing with both odor nuisance and ammonia
emissions from intensiveanimalproduction (Feilbergetal.,2010;
Hansen et al., 2012). Two LECA (light–expanded clay aggregates)
biotrickling filterswere investigated for removalofodorantsand
ammoniaemittedfromanexperimentalpighouseduring50days
of on–line measurements by in–situ PTR–MS (Liu et al., 2014).
Rendering, the heating of animal tissues liberates a variety of
odorousorganicandinorganiccompounds(LuoandAgnew,2001).
Onthebasisoftheirlowenvironmentalimpact,highdeodorization
performance, and low net present value, biotrickling filtration







The influence of the inlet TMA concentration on RE and
elimination capacity (EC) are given in Figure3. TMA removal
efficiencydecreased,while theEC increasedwith increasing inlet
concentrationofTMA.When the inletconcentrationofTMAwas
less than 220.3gm–3h–1, RE was up to 90%. TMA removal
efficiency reduced from 99.8 to 52.6% with inlet concentration




a loading rateof717.7gTMAm–3h–1,where theREwasgreater
than 52.3%, the EC at the critical loading condition was
375.2gTMAm–3h–1.Themaximumeliminationcapacityat56°Cin
theTBTFwashigherthanthatinthebiotricklingfiltration,biofilter
or an aerobic biofiltration system containing entrapped mixed
microbialcellsatnormaltemperature(Changetal.,2004;Dinget
al., 2008;Wan et al., 2011). The reduced removal efficiencies at
higher inlet concentrations, or higher loading rates, could be
attributedtotheTMAdegradationmicroorganismsreachingtheir








efficiency increased from 77% to 96%with the EBRT increasing.
These resultsalsodemonstrated that increasingEBRT from17 to



































































































the TMA removal efficiency by 15%. This increase in removal
efficiencywas primarily because trimethylaminewas diffluent in
waterforthetransferofTMAfromthegas–phasetoliquid–phase.
TMA removal efficiency increased slightly with increasing the
spraying density from 0.52 to 2.1m3m–2h–1 due to the lost of
absorptioncapacityofrecyclingliquid.

Figure6 shows the effect of pH on TMA removal.
Approximately 98% removal efficiencies for trimethylaminewere
achieved in the rangeof5.9–9.5.When thepH rose from5.9 to
7.9,TMA removalefficiency increased from97.7 to99.7%.When
the pHwas 7.9, TMA removal efficiencywas the highest, about
99.7%.REdecreasedto99%whenthepHwas raised from7.9 to
8.4.TMA removalefficiency increased from99 to99.5%withpH
increasing from8.4 to8.9,decreased to98.8%when thepHwas
raised to 9.5. TheRE in the alkalescent environmentwas a little
higher than that in the subacid environment. The efficiencywas
onlychangedslightly.Thispointmayexcludethepredominanceof
certainmicrobeswhich are tolerant to alkaline or slightly acidic
habitatsinTBTF.Nitrificationofammoniaisactiveonlyinaslightly
alkaline environment—for example, in the pH range of 7.5–8.7.
Denitrification is active in the pH range of 6.5–7.5. Ammonia–
oxidizing bacteria (AOB) grow better in alkalescent conditions.
NitriteoxidationratewasclearlyaffectedbypH,valuesbelow6or
above 9.6 caused the complete inhibition of nitrite oxidizing
bacteria(NOB)(Kangetal.,2005).





in Figure7. TMA inlet load was decreased from 606.9 to
435.9gTMAm–3h–1, this resulted in a slight increase in TMA
removal efficiency from 61.5 to 74.7%. TMA removal efficiency
decreased from 74.7 to 12.1%with decreasing of the inlet TMA
loadfrom435.9to54.6gTMAm–3h–1within130min.Thepossible
reason for this could be that the biological activity of nitrifying
bacteriawas restrainedwithhigh inlet loador thehighsubstrate
concentrations.When inletTMA loadmaintained in the rangeof






The thermophilic microbial community treating trimethylͲ
aminewasassessedbyPCR–DGGE.Resultsshow that therewere
tenbacterialgroupbands in theTBTF.Tenbacterialgroupbands
included Uncultured Bacteroidetes bacterium, Uncultured
Methylosinus sp., Uncultured Acidobacteriaceae bacterium,
Nitrospirae bacterium, Thermales bacterium 01QDZ, Thermus sp.
Y55–12,Thermussp.,UnculturedCytophagasp.,Hyphomicrobium
sp., Thermales bacterium 01QDZ. Thermus sp. thermal activation
kineticsdependedontheformoftheenzyme.Thermalorganisms
could be tolerating the stress conditions by changing their
metabolism processes such as fatty acid synthesis, pentose
phosphatepathway,aromatic componentdegradationand signal
transduction(Yousefi–Nejadetal.,2011).Y55–12andThermussp.
were aerobic thermophilic bacteria with optimal growth at 50–
75°C (Kangetal.,2005;Laderoetal.,2006).Thermussp.Y55–12
could utilize TMA as their sole source of carbon and energy.
Uncultured Bacteroidetes bacterium, and Uncultured
Acidobacteriaceae bacterium,were aerobic bacterium, displayed
similar functional capabilities and specialized on degradation of
plant–derived organic matter (Naumoff and Dedysh, 2012).
UnculturedMethylosinussp.waspredominant in itsroleofTMA–
degrader, enhancing the metabolism of TMA (Yu et al., 2009).
Nitrospirae bacterium, Uncultured Cytophaga sp. and
Hyphomicrobium sp. were belong to nitrite oxidizing bacteria,
which were oxidized nitrite to nitrate by nitrification. The
denitrifying Hyphomicrobium sp. and Uncultured Anaerolineae
bacteriumwerequiteefficientintheremovalofboththemethanol
and the nitrate (Gliesche and Fesefeldt, 1998). Thus, these
predominantbacteriaplay thedominant role in the thermophilic







byanalyzing themwithaGC–MS.While trimethylamine [(CH3)3N,
m/z=59]wasidentifiedinthesamplecollectedbeforethermophilic
biotrickling filtration, thegas–phase intermediateorganicproduct










The products of TMA biodegradation in the TBTF such as
nitrite (NO2–), nitrate (NO3–) and formylhydrazine (HCONHNH2)
were identified by ion chromatographic (IC) and GC–MS,
respectively.Thenitrogenorcarbondioxideintheexitinggaswas
detectedbyTesto350 fluegasanalysisdeviceandTesto535CO2
measuring instrument (Testo AG, Germany). The thermophilic
biologicaldegradationpathwayof TMAunder aerobic conditions
was summarized in Figure 8. TMA was directly adsorbed to
external surfacedbiofilmofceramsite, itwasattached,degraded
by thermophilic microorganism in the biofilm. Trimethylamine
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
then tomonomethylaminebydimethylaminemonoxygenaseand
finally to formaldehyde and ammonia by enzyme monoͲ
methylamine dehydrogenase (Ding et al., 2008). The reaction of
ammonia with formic acid may result in the formation of
intermediate like HCONHNH2 and catabolism produces NH3 and
HCHOathightemperatures.Ammoniumwasoxidizedtonitriteby
UnculturedMethylosinus sp. Nitritewas oxidized into nitrate by
Nitrospirae bacterium, Uncultured Cytophaga sp. and
Hyphomicrobium sp., and thenwas further oxidized into nitrate
radical by nitrifying bacteria, the nitrite and nitrate radical was
reduced into nitrogen by Hyphomicrobium sp. and Uncultured
Anaerolineae bacterium. Formaldehydewas further oxidized into
formic acid by Thermus sp. Y55–12, Uncultured Bacteroidetes














56°C.TMA removalefficiency in theTBTFwasup to99.9%.The
maximum elimination capacity at 56°C in the TBTF was
375.2gTMAm–3h–1, which was higher than that of mesophilic
biofilter. The optimal pH, spray density and EBRT were 8.9,
1.33m3m–2h–1, 25.8s, respectively. Thermophilic biotrickling
filtrationwasable toquickly recover fromanormal temperature
shutdown period of a month. The thermophilic bacterial
communities treating trimethylamine, which were assessed by
PCR–DGGE,play thedominant role in the thermophilicbiological
processes of metabolism, ammoxidation, nitrification, denitrifiͲ
cation and carbon oxidation. These results show that TBTF is
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